Introduction: The aim of this study was to describe the population pharmacokinetics of vancomycin in critically ill patients treated with and without extracorporeal membrane oxygenation (ECMO). Methods: We retrospectively reviewed data from critically ill patients treated with ECMO and matched controls who received a continuous infusion of vancomycin (35 mg/kg loading dose over 4 hours followed by a daily infusion adapted to creatinine clearance, CrCl)). The pharmacokinetics of vancomycin were described using non-linear mixed effects modeling.
Introduction
Extracorporeal membrane oxygenation (ECMO) is a temporary life support system, which is increasingly used for the management of acute severe cardiac and/or respiratory failure [1] . Veno-venous (VV) ECMO is used to treat severe respiratory failure, and veno-arterial (VA) ECMO can provide cardiovascular and respiratory support for patients with severe circulatory shock and heart failure [2] . Antibiotics are commonly required during ECMO therapy in patients who are infected, so that it is essential to understand any potential changes in antibiotic pharmacokinetics (PK) that may occur during ECMO to enable rational dose adjustments to be made [3] . There are currently relatively few data available regarding antibiotic PK during ECMO and patients are generally managed with similar antibiotic dosing regimens to those used in patients who are not receiving ECMO. This approach may, however, be flawed because ECMO and sepsis have been shown to result in altered antibiotic PK, leading to sub-therapeutic drug concentrations [4] [5] [6] . Moreover, ECMO equipment can introduce additional confounding factors, from the circuit itself (with associated drug sequestration) and the associated systemic inflammation (with vasodilation and capillary leak) [3] .
In a recent review, Shekar et al. highlighted that the major PK changes commonly associated with ECMO are an increased volume of distribution (Vd) and decreased drug clearance (CL) [7] , although the extent of such changes remains poorly characterized, especially in adult patients. Moreover, emerging in vitro/ex vivo data on dose requirements for adult patients on ECMO suggest that standard drug regimens may be inadequate [8] , because of significant drug sequestration on the ECMO tubing and/ or membrane leading to lower plasma concentrations [9] .
Vancomycin remains one of the first options for treating nosocomial infections caused by methicillin-resistant Staphylococcus aureus (MRSA) or other resistant Grampositive bacteria, such as coagulase-negative staphylococci and ampicillin-resistant enterococci [10] . In the critical care setting, continuous infusion (CI) of vancomycin may enable a more rapid and consistent attainment of target drug concentrations than standard intermittent administration [11] . As vancomycin is expected to be poorly soluble in organic materials, drug concentrations and CL would be only minimally affected by ECMO, while the use of priming fluids and the cardiovascular alterations, which are often associated with the use of ECMO, would contribute to increase its Vd [9] . Furthermore, vancomycin can be nephrotoxic and patients undergoing ECMO treatment are at high risk to develop renal failure because pre-existing kidney damage is frequent in this setting [12] . Thus, monitoring of vancomycin levels is fundamental in such patients, especially in the case of prolonged therapy [13] . Moreover, when renal replacement therapy (RRT) is initiated in those patients, the risk of insufficient drug levels when standard regimens are used is around 20% and also warrants close monitoring of vancomycin concentrations [14] .
Only one study has previously evaluated vancomycin concentrations and PK in adult patients undergoing ECMO [15] . This study evaluated vancomycin administration as an intermittent infusion with data compared to neonates or pediatric data on ECMO, but not to a critically ill adult population without ECMO. Thus, the aim of this study was, therefore, to compare the population PK of vancomycin given as CI in critically ill patients treated with and without ECMO. Our hypothesis is that the use of ECMO would result in an increased Vd and unchanged CL of vancomycin when compared to critically ill patients not treated with ECMO.
Materials and methods

Extracorporeal membrane oxygenation patients and data collection
We reviewed the medical charts of all adult (>18 years old) patients who received ECMO support (VV, VA, or both) and, at the same time, were given a continuous infusion of vancomycin, either as monotherapy or combined with other antibiotics, in our multidisciplinary 35-bed Department of Intensive Care (Brussels, Belgium) between January 2011 and May 2012. Continuous infusion of vancomycin is the standard of care in our ICU. Patients were identified using the department's patient data monitoring system (PDMS) (Picis Inc., Wakefield, MA, USA).
We included all adult patients who had serial measurements of serum vancomycin concentrations during the first 24 h of treatment during ECMO. Patients who had previously received vancomycin by intermittent infusion (within 48 h of the start of the CI) were excluded, as were those where vancomycin and ECMO treatment were not simultaneous, and those with pregnancy, burns or cystic fibrosis. No patient included in previous publications [16] [17] [18] was included in the present study. The protocol was approved by the Ethics Committee of Erasme Hospital, which waived the need for informed consent because of the retrospective nature of the study.
The following data were collected for all patients: demographics; pre-existing chronic diseases; admission diagnosis; ECMO indications and settings; fluid balance; and microbiological findings. The severity of illness of each patient was assessed using the acute physiology and chronic health evaluation (APACHE) II score [19] at ICU admission and the sequential organ failure assessment (SOFA) score [20] at initiation of antibiotic therapy. Use of vasopressor agents or mechanical ventilation was recorded, as was the length of ICU stay and outcome. Creatinine clearance (CrCl) was calculated from the 24-h urine collection, using the following formula: 
Continuous renal replacement therapy
The decision to initiate continuous renal replacement therapy (CRRT) was made according to standard practice [17] ; CRRT was performed using a double-lumen catheter inserted into a central vein. [18] . Doses were not changed during the first 24 h of therapy; afterwards, the daily drug regimen was adapted using a specific approach, as previously published [16] [17] [18] : if the serum vancomycin concentration was <20 μg/mL (considered insufficient), an additional dose of 500 to 1,000 mg was given followed by an increase in the daily dose by 500 to 1,000 mg. If the concentration was >30 μg/mL (considered excessive), the CI was discontinued for 4 to 8 h and the daily dose reduced by 500 to 1000 mg per day. Blood samples (3 mL) for measurement of drug concentrations were retrieved at 4 (T1), 12 (T2) and 24 h (T3) after the start of therapy as part of standard care and were immediately sent to the central laboratory. The nursing staff recorded the exact sampling time in the PDMS system. Serum concentrations of vancomycin were determined by particle-enhanced turbidimetric inhibition immunoassay (Dimension® XPand®; Siemens Healthcare Diagnostics, Newark, DE, USA). The limit of quantification and the total imprecision of the assay were 0.8 mg/L and <5%, respectively.
Matched controls
Using an institutional database of all ICU patients without ECMO who received the same vancomycin regimen (n = 107) during the same period, ICU ECMO patients were matched (1:1) with non-ECMO ICU patients according to four criteria: 1) renal function (either same CrCl, with a range of eligibility for matching of ±10 mL/ minute, or if on CRRT, the same CRRT intensity, with a range of eligibility for matching of ±5 mL/kg/minute); 2) estimated total body weight; 3) SOFA score at the time of treatment initiation; and 4) age (range of eligibility for matching of ±5 years). The use of such variables for the matching process was decided based on the impact of estimated body weight and renal function on drug Vd and CL, respectively, as well as the importance of the disease severity, multiple organ dysfunction and age on drug PK and metabolism [4, 5, 7] .
PK data
The concentration-time data for serum vancomycin concentrations were described using non-linear mixed-effects modeling (NONMEM version 7.2.0, ICON Development Solutions, Ellicott City, MD, USA) [21] . A Digital Fortran compiler was used and the runs were executed using Wings for NONMEM [22] . Data were analyzed using the first-order conditional estimation method with interaction. One-and two-compartment linear models were both evaluated. Between-subject variability was calculated using an exponential variability model. Residual unexplained variability was evaluated as additive, exponential or combined (additive plus exponential). Visual inspection of diagnostic scatter plots and the NONMEM objective function value (OFV) were used to evaluate goodness of fit. Statistical comparison of nested models was undertaken in the NONMEM program on the basis of a chi-square (χ 2 ) test of the difference in OFV. A decrease in the OFV of 3.84 units (P <0.05) was considered statistically significant. We estimated the area under the concentration-time curve of the first 24 h (AUC 0-24 ) using the trapezoidal rule.
Bootstrap
A nonparametric bootstrap method (n =1,000) was used to study the uncertainty of all PK parameter estimates in the final base model. From the bootstrap empirical posterior distribution, we were able to obtain the 95% confidence interval (2.5 to 97.5% percentile) for the parameters, as described previously [23] . Oliguria was defined as urine output ≤0.5 mL/kg/h.
Covariate screening
The covariates analyzed were age, estimated total body weight, CrCl, SOFA score, APACHE II score, sex, presence of shock, presence of CRRT and the presence of ECMO. Possible covariates were added in a stepwise fashion into the model. Covariates were considered for inclusion in the model if they were biologically plausible and there was improvement in the base model, that is, decrease in objective function (at least 3.84 units), decrease in the unexplained between-subject variability of the parameter, or decrease in residual unexplained variability.
Dosing simulations
Two sets of Monte Carlo dose simulations were undertaken. We simulated a) different loading doses (15 mg/kg versus 25 mg/kg versus 35 mg/kg) followed by the same CI dose for each loading dose (15 mg/kg/day) in patients on CRRT compared to patients without CRRT; b) different maintenance doses (10 mg/kg/day versus 15 mg/kg/day versus 20 mg/kg/day) in patients on CRRT compared to patients without CRRT after a loading dose of 35 mg/kg. The ability of each dosing regimen to achieve predefined pharmacodynamic targets in both patients, that is, vancomycin concentration of at least 20 mg/L, was also assessed.
External validation of model
To prospectively evaluate the effectiveness of the model to predict vancomycin concentrations during ECMO therapy, we included all consecutive patients who were treated with ECMO between January and June 2013 and received the same drug regimen (see section, Vancomycin treatment and measurements).
Statistical analysis
Statistical analyses were performed using the SPSS 13.0 for Windows NT software package (SPSS Inc. 2004). Descriptive statistics were computed for all study variables. The Kolmogorov-Smirnov test was used, and histograms and normal-quantile plots were examined to verify the normality of distribution of continuous variables. Discrete variables were expressed as counts (percentage) and continuous variables as median (25th to 75th percentiles). Demographics and clinical differences between study groups were assessed using the χ 2 test, Fisher's exact test, Student's t-test, or Mann-Whitney U-test, as appropriate. The coefficient of regression (r 2 ) was used to indicate the prediction of drug concentrations using the PK model. P <0.05 was considered to be statistically significant.
Results
Demographics and vancomycin concentrations
We treated a total of 11 patients with vancomycin during ECMO therapy and matched them to another 11 critically ill patients not receiving ECMO (Table 2) . ECMO patients had a longer ICU stay (21 (12 to 68) versus 12 (3 to 24) days, respectively) and were more likely to have shock (9/11, 82%, versus 5/11, 45%) than the non-ECMO patients; they also had a higher ICU mortality (6/11, 55%, versus 3/11, 27%). All patients had sepsis on the day of vancomycin initiation and the sources of sepsis were similar in the two groups, mostly pulmonary and abdominal. Blood cultures were positive in almost 30% of patients. All patients were treated concomitantly with other antibiotic therapies. ECMO characteristics remained unchanged over the study period.
The Table 3 ). The percentage of patients with insufficient drug concentrations in the ECMO group was 18% (n = 2/11) at T2 and 36% (n = 4/11) at T3, compared to 0% (n = 0/11) and 9% (n = 1/11), respectively, in the control group.
Population pharmacokinetic model building, covariate screening and model evaluation
The time course of vancomycin concentrations was best described by a two-compartment model with exponential residual error and between-subject variability (BSV) on drug clearance (CL), volume of distribution of the central compartment (Vc) and volume of distribution of the peripheral compartment (Vp), but not intercompartmental clearance (Q). Total volume of distribution was expressed as Vd (where Vd = Vc + Vp). This model included zero order input of drug into the central compartment.
The only covariate that statistically improved the base model was the presence of CRRT for CL, which reduced the objective function value by 5.774 (P <0.05). To describe this, we created a dichotomous descriptor for the population value for CL, which accounted for the presence of CRRT (CL CRRT ) or absence of CRRT (CL NOCRRT ). The presence of ECMO was associated with a 15% increase in CL and 10% decrease in Vc but these relationships did not reach sufficient statistical significance and so were not included in the final covariate model. The final model is represented by:
where TVCL is the typical value of clearance, CL CRRT is 1 when there is no CRRT present and CL NOCRRT is 1 for patients receiving CRRT.
Goodness-of-fit plots for the final model were evaluated and showed acceptable results in terms of visual or statistical biases (statistically significant systematic deviation away from the observed data) for predicted concentrations (Figure 1) . Furthermore, the mean values for all parameters from the bootstrap analysis were similar to those in the final model ( Table 4) .
The final PK parameter estimates for the included patients receiving ECMO versus the control patients are shown in Table 4 . The results of the model evaluations confirmed the suitability of this model to describe vancomycin PK in this specific population and for use with dosing simulations. 
Dosing simulations
Figures 2 and 3 show vancomycin concentrations obtained through simulations for different loading and maintenance doses in the presence/absence of CRRT (50 years of age, 70 kg of weight and a CrCl of 100 mL/minute). Figure 2 shows that even a loading dose of at least 15 mg/kg was necessary to ensure rapid achievement of target vancomycin concentrations. Using the same loading dose in the presence of CRRT did not significantly influence drug concentrations when compared to no use of CRRT. Figure 3 shows that after a 35 mg/kg loading dose, a maintenance CI dose of at least 10 mg/kg/day was required during CRRT, whereas doses of 10 or 15 mg/kg/day were both able to provide drug concentrations between 20 and 30 mg/L in the case of no need for CRRT.
Model validation
Five additional patients (four on VV ECMO and one on VA ECMO) treated with vancomycin during ECMO therapy were identified. Four of the patients were male; the median (IQR) age was 64 (55 to 68) years, weight 71 (70 to 80) kg, and three of the patients were receiving CRRT at an intensity of 21 (21 to 26) mL/kg/h. The patients received a loading dose of 2,485 (2,450 to 2,800) mg of vancomycin and a maintenance continuous infusion of 1,250 (1,050 to 1,750) mg (Table 5 ). The linear regression analysis confirmed the adequacy of the model by comparing the observed concentrations from the external dataset and those predicted using the model (r 2 of 0.67; P <0.001) (Figure 4) .
Discussion
This is the first study describing vancomycin PK during continuous infusion of vancomycin in adult critically ill patients undergoing ECMO. Extracorporeal therapy had a non-significant impact on serum vancomycin concentrations when higher doses than the recommended drug regimen were used. Finally, our results highlighted that with this drug regimen, vancomycin concentrations were appropriate in most of ECMO adult patients.
In this cohort, we found similar Vd and CL for vancomycin in patients receiving ECMO when compared to others. These findings are in contrast with neonatal ECMO PK studies in which increased Vd and decreased antibiotic CL were reported [24, 25] . Furthermore, it is reasonable to assume that the decreased drug CL observed in neonates was the result of immature hepatic and renal antibiotic metabolic pathways rather than the ECMO circuitry itself [26] . Similarly, the volume of priming fluid for the ECMO system is likely to have a more profound effect on vancomycin Vd in newborns because of a larger priming/blood volume ratio. Thus, data in adult patients may differ significantly from those in neonatal studies, underpinning the need for further PK studies that can be used to optimize antibiotic dosing during ECMO in this setting. Finally, ECMO may have different effects on antibiotic PK depending on the class of antibiotic used. In contrast to studies on aminoglycosides, vancomycin Vd was similar in neonates treated with ECMO compared to controls (0.45 ± 0.18 versus 0.39 ± 0.12 L/kg), whereas half-life was significantly shorter during ECMO (8.3 ± 2.2 versus 6.5 versus 2.0 h, P = 0.02) [27] .
The Vd of vancomycin was not affected during ECMO therapy but remained substantially higher than values reported for healthy volunteers or non-severely ill patients (that is, from 0.4 to 1.0 L/kg) [10, 28] . These findings could be explained in the context of critical illness by the absence of significant circuit drug sequestration, as described in ex vivo studies [9] . Moreover, in our study, both fluid balance and serum protein concentrations, which influence the distribution of antibiotics, were similar between groups and did not bias the final observations [28] . In support of our findings, a recently published population PK study of meropenem using similar methodology found no statistically significant difference in meropenem Vd between ECMO and non-ECMO ICU patients (0.45 versus 0.41 L/kg respectively, P = 0.21) [29] . A significant increase in Vd was also reported for the antiviral drug, oseltamivir, during ECMO and RRT in adult patients [30] . Nevertheless, the stability at room temperature, protein binding and sequestration in the ECMO circuit of these drugs are different and may explain the discrepancies in Vd that were observed [28] . Moreover, endothelial activation occurring during extracorporeal support, which may promote capillary leakage and increase Vd [31] , may differ among patients and with the indication for ECMO therapy, contributing to the large discrepancies among reported data on antibiotic PK in this setting. Importantly, if ECMO causes an increased drug Vd during the initial phase of therapy, then given that the ECMO patients in this study were treated with vancomycin later in their ICU stay, the resulting drug behavior could be associated with a different phase of the inflammatory process, with less capillary leakage and fluid requirement than the non-ECMO patients. Thus, whether our data could have been influenced by a higher than recommended vancomycin dose, to the use of a priming solution volume that is lower than what is used in in vitro systems or to a reduced inflammatory status, requires further study. The increase in vancomycin CL during ECMO therapy was modest, confirming the findings of other studies [30, 31] . Moreover, in these patients, total drug CL during CRRT was lower than in patients without CRRT. The lack of increased vancomycin CL during ECMO was probably due to the lack of circuit sequestration, as vancomycin appears to be relatively stable in the circuit [9] . Also, although peripheral VA ECMO is known to cause a significant increase in renal blood flow and as such to promote renal elimination of vancomycin [7] , three of the five patients treated with VA ECMO in our cohort had acute kidney injury with ongoing CRRT. It is possible that the use of CrCl or CRRT intensity in the matching process may have underestimated or overestimated the actual drug CL. As such, other biomarkers of renal function, such as cystatin C, have been shown to be more accurate than CrCl to predict vancomycin CL, particularly among patients with normal serum creatinine concentrations [32] . Finally, antibiotic elimination is proportional to the unbound (free) drug concentration; however, total vancomycin concentrations were not predictive of free drug concentrations in ICU patients, suggesting that direct determination of the free component may be desirable in this setting [33] . Further investigations are required to investigate the role of ECMO technique (VA versus VV) and the different biomarkers of renal vancomycin excretion in this setting.
Vancomycin concentrations were comparable in ECMO and non-ECMO groups in the early phase of therapy (24 h), which may be a reflection of the slightly higher loading doses used as well as the continuous administration. However, we cannot draw any conclusions on the effects of ECMO on drug concentrations in the following days of therapy and whether the 15% increase in vancomycin CL would need a more accurate dose adjustment to avoid drug concentrations that will rapidly fall below therapeutic targets remains to be further evaluated. Because intermittent dosing may result in therapeutic failure when dealing with several strains of MRSA [34] , continuous infusion has been proposed as an alternative approach to optimize drug concentrations and efficacy [11] . Although not superior to intermittent infusion for clinical effectiveness, continuous infusion may result in a reduced risk of renal toxicity and in a more rapid attainment of therapeutic concentrations [35] .
This study has potential limitations. First, the matching process resulted in statistically comparable control and ECMO groups, but it was not possible for us to control for other pathophysiological disturbances that may affect antibiotic PK. Although we accept that the matching process is extremely complicated in critically ill patients, in our opinion the approach we have chosen is sufficient to understand whether ECMO per se alters antibiotic PK in adult patients or if the presence of critical illness not requiring ECMO is sufficient to produce such PK abnormalities. This study found that ECMO numerically increased vancomycin clearance by 15%, although this result was not statistically significant. In this setting, the role of CRRT intensity on antibiotic PK needs to be further quantified, as we did not record whether CRRT settings were modified during the first 24 h of therapy. Also, we took into account drug clearance from CRRT intensity but this could be a significant confounder in the interpretation of the results on such a small patient population. Thus, our simulations need to be interpreted with some caution because they were developed from a limited cohort of 11 ECMO patients, with a potentially high degree of heterogeneity. Also, we are aware that a more accurate estimation of the true variability of Vd and clearance would require data from a larger patient population. Nevertheless, we validated the accuracy of the model to predict drug concentrations in this setting, if only in a few patients, and showed that comparison between ECMO and non-ECMO patients including those with CRRT was sufficient. Second, we could not perform a different evaluation for VA and VV ECMO because of the limited cohort, and future models should investigate whether ECMO modality may influence antibiotic concentrations. Third, we did not record data on clinical and microbiological response to vancomycin. Thus, to determine whether optimizing antibiotic concentrations during ECMO leads to improved outcomes requires further study. Fourth, sequestration of drug by the ECMO circuit could not be assessed because we did not perform sampling immediately before and after the ECMO membrane. Fifth, another confounder could be the time elapsed from ECMO initiation to drug administration, as adsorption of vancomycin on the ECMO membrane may vary between new and old membranes/circuits. Finally, the observed high proportion of patients with adequate vancomycin levels during ECMO therapy was related to the higher-than-recommended drug regimen used, while a risk of under-dosing may be significantly present in ECMO patients treated with standard doses.
Conclusions
In this matched-cohort study, critically ill patients receiving ECMO therapy had similar Vd and vancomycin CL to control non-ECMO patients. Although vancomycin concentrations were quite similar between groups in the early phase of therapy, vancomycin dose adjustment should be considered during CRRT therapy to avoid drug accumulation thereafter. In the first 24 h of treatment, loading and maintenance doses of vancomycin similar to those used in this study appear to be appropriate for patients on ECMO requiring vancomycin therapy.
Key messages
Vancomycin concentrations were similar between ECMO and non-ECMO patients in the early phase of therapy ECMO treatment was not associated with significant changes in Vd and drug clearance compared with the control patients The main determinant of drug CL was the presence of CRRT
